We demonstrate manipulation of quantum interference by controlling the competitions between weak localization (WL) and weak antilocalization (WAL) via variation of the gate voltages of doublegate amorphous InGaZnO thin-film transistors. Our study unveils the full profile of an intriguing universal dependence of the respective WL and WAL contributions on the channel conductivity. This universality is discovered to be robust against interface disorder.
Measurements of magnetoconductivity are known to be a powerful tool to study spin effects. Weak localization (WL) refers to constructive quantum interference of coherently back-scattered conduction electrons, which leads to a suppressed conductivity [1] . Weak antilocalization (WAL), on the other hand, refers to destructive interference due to rotated spins of the waves in the opposite direction in the presence of spin-orbit coupling (SOC), leading to an enhanced conductivity [2] . WL and WAL have recently been explored in doped ZnO films and nanowires because of potential applications in nanoelectronics and spintronics [3] [4] [5] [6] [7] [8] [9] [10] . Crossovers from WL to WAL have been observed in magnetoconductivity of InZnO films via temperature variation [7, 9] . However, gate-controlled quantum interference in ZnO or its doped form was not reported until very recently, when competitions between WL and WAL were discovered in singlegate a-IGZO TFTs via electric gating in our previous research [11] , and an intriguing universal dependence of the respective WL and WAL contributions on the channel conductivity was observed [12] . In this paper, more information about this universal dependence is revealed by quantum magnetotransport measurements on doublegate a-IGZO TFTs with higher conductivity. This universal dependence is found to be robust against interface disorder, and therefore the conductivity can reliably reveal the strength of the SOC effect tuned by variation of a single or multiple gate voltages of spintronic devices.
The a-IGZO TFTs with an inverted staggered viacontact structure are fabricated on glass as shown in Fig. 1 passivation layer using PECVD. Indium-tin-oxide (ITO) electrodes were then formed as the top gates. Finally, the device was annealed at 240
• C in an atmospheric oven.
Electrical measurements were performed on several double-gate a-IGZO TFTs. Low-temperature measurements were conducted with the device mounted in a cryogenic system equipped with a superconducting magnet. Connections to the electrodes are made via wire bonding. The data presented in this paper are collected from a representative sample with a channel width (W ) of 20 µm and a channel length (L) of 10 µm. [13], as illustrated in Fig. 1 , leading to an effective length of only ∼3/4 of the channel length [14] .
At a low temperature (T ) of 3.7 K, the threshold gate voltage is seriously enhanced, and I D is not detectable with V D = 0.1 V for any gate voltages less than 35 V. Therefore, a larger V D of 10 V is supplied for all 3.7-K measurements to give detectable I D [15] . At 3.7 K, I D increases much more slowly with the gate voltages, as shown in Fig. 2a , and is not even detectable at any V TG below 35 V when V BG = 0 because of the extremely low diffusion rate of the carriers. µ is only ∼0.5 cm 2 /Vs when V TG = V BG = 34 V, and remains higher under the double-gate voltage sweep than under the V BG sweep. The seriously suppressed µ at low T can be interpreted in the percolation model for amorphous oxide semiconductor TFTs [16, 17] . Shown on the right axis of Fig. 2a is the 2D conductivity (σ) given by I D /V D · L/W , and is expressed in unit of e 2 /h, where h is the Planck's constant.
The conductivity (σ) at 3.7 K was further measured under various combinations of gate voltages. Fig. 2c presents σ vs V BG at various fixed V TG , whereas Fig. 2d shows σ vs V TG at various fixed V BG . It can be seen that the two gates control the carriers in the channel in very different manners. In Fig. 2c , all σ curves of differ- The quantum magnetotransport are investigated at 3.7 K with magnetic field (B) perpendicular to the channel plane. The representative curves of ∆σ(B)(≡ σ(B) − σ(0)) are shown in Fig. 3 . Figs. 3a-3c display ∆σ(B) at respective fixed V BG with various V TG from 10 V to 34 V, whereas Figs. 3e-3f display ∆σ at respective fixed V TG with various V BG from 20 V to 34 V. In general, ∆σ curves with higher gate voltages increase with B up to B ∼ 0.037 T, demonstrating a WL signature, but then bend over to WAL and decrease substantially at higher B. The WL and WAL features are suppressed as either gate voltage is decreased, but with different effectiveness. Fig. 3 shows that varying V BG substantially changes the magnetotransport of the device, whereas varying V TG only tunes it mildly.
To assess the respective contributions of WL and WAL for each ∆σ(B) curve, we use the two-component Hikami-Larkin-Nagaoka (HLN) theory for the magnetoconductivity of a 2D system in the limit of strong SOC [2, 18, 19] :
where Ψ is the digamma function, B ≡ /(4e|B|) is half the magnetic length, the prefactors α 0 and α 1 stand for the weights of WL and WAL, respectively, and φi is the corresponding phase coherence length. The original two-component HLN equation was proposed for topologi- cal insulator thin films [18, 19] . Owing to the percolation conduction in a-IGZO [16] , it is believed that the effective L is much larger and the effective W is much smaller than the values of the channel dimensions [20, 21] . This implies that the real conductivity is much larger than σ ≡ I D /V D · L/W . Therefore, we add a small coefficient A to the original equation [18, 19] to address this issue. The magnitudes of σ of the double-gate a-IGZO TFTs are found to be ∼3 times larger than those of the single-gate a-IGZO TFTs from our previous measurements [11, 12] , so A is set to 3 × 10 −4 in this work to roughly compensate the difference in sample quality [22] . Eq. 1 provides excellent fits to all the curves in Fig. 3 , which are shown as solid smooth lines.
Measurements on the double-gate a-IGZO TFTs with higher σ(0) (σ at zero B) allow us to investigate the evolution of the WL and WAL competitions from zero-to high-conductivity regimes. In our previous experiment on single-gate a-IGZO TFTs [12] , only low-conductivity transport (σ(0) 200 × 10 −6 e 2 /h) could be studied. [23] , and each of them surprisingly collapses onto a universal curve despite the distinct patterns of ∆σ(0.2 T) vs σ(0) obtained from different gate operations shown in Figs. 4a and 4b. α 0 increases rapidly from 0 to ∼0.1 with increasing σ(0), but then stays around 0.1 after the transport passes the threshold. |α 1 | grows substantially with increasing σ(0), and then slows down to approach ∼0.35 when σ(0) gets close to ∼10
−3 e 2 /h. It is noticed that the shape of the universal curve may vary among devices with different structure fabrications. The single-gate a-IGZO TFTs in our previous experiment [12] , for example, never entered the linear regime within the V G range studied, and therefore its partial universal curve of α 1 vs σ(0) did not show any changes in the slope.
The values of φi obtained by fitting the experimental ∆σ(B) to Eq. 1 fluctuate mildly near 0.1 µm as V BG or V TG is varied. A closer look at the dependence of φi on |V BG − V TG | reveals that φ0 decreases from ∼0.14 µm to ∼0.11 µm and φ1 decreases from ∼0.10 µm to ∼0.08 µm as |V BG − V TG | is increased from 0 to 54 V. This implies that the transport suffers stronger disorder scattering at larger vertical electric fields. In a temperaturedependence measurement, on the other hand, φi is found to decrease by more than a half when T is increased beyond 50 K, which weakens the WL and WAL effects. The dependence of α i on σ(0) also evolves with T [11] . To better observe WL and WAL, φi should be much larger than the elastic scattering length ( e ) and than the spin-orbit scattering length ( SO ) (i.e., the strong SOC limit). Analyses on our data at 3.7 K using the original HLN equation without the assumption of strong SOC [2, 24, 25] reveal that ( φi / SO ) 2 ∼ ( φi / e ) 2 ranges from ∼50 to ∼160, which satisfies the conditions for Eq. 1 to be valid, and for the SOC effects to dominate for potential applications in spintronics.
Gate-voltage-controlled competitions between WL and WAL were also discovered in topological insulator thin films [26] , and their α 0 and α 1 were theoretically shown to be determined by the ratio of the gap opening at the Dirac point to the Fermi energy [18, 19] . The universal dependence of the competing WL and WAL on σ(0) observed in a-IGZO TFT may also find its explanation in the relation between the channel conductivity and the gate-controlled Fermi-level position relative to the band structure, but this is yet to be confirmed by theoretical investigations. The a-IGZO TFTs can be used to tune the SOC effect to a desired weight via electric gating by monitoring σ(0) thanks to the universal dependence of α i on σ(0). More research is required for future realization of ZnO-based spin transistors [27] or other spintronic devices.
The double-gate structure offers a better control of the channel potential [28, 29] , and thus allows a more comprehensive study. When V BG = V TG , the vertical electric field becomes minimal, reducing the interface roughness scattering [30] . This explains why V BG = V TG gives the highest µ as shown in Fig. 2b and the longest φi mentioned previously. However, the universal curves of α i vs σ(0) shown in Figs. 4c and 4d are robust at any |V BG − V TG | regardless of the existence of interface disorder. This implies that, although WL, WAL, and σ(0) are all known to be affected by disorder [7, 9] , the affected σ(0) alone is somehow sufficient to determine the weights of WL and WAL in the system. More theoretical studies are needed to fully understand the underlying physics. The resilience of the universal dependence to interface disorder should be a great advantage for future sophisticated multigate spintronic devices. Once the dependence of α i on σ is determined for a TFT structure with a constant a-IGZO channel quality at a constant T , the dependence should hold regardless of different strength of interface roughness scattering caused by different vertical electric fields imposed by gate voltages. 
